ABSTRACT This paper theoretically analyzes the impact of the antenna sub-reflector focus excursion technique on the antenna pattern. First, we derive relevant formulas and analyze pattern variation based on the focus excursion. On this base, this paper then proposes a novel structure of antenna sub-surface focus excursion and investigates the concrete engineering realization. Experimental results based on the test-bed of the antenna show that the proposed focus excursion scanning technique improves the system performance and thus has a high-practical engineering value.
I. INTRODUCTION
The parabolic tracking antenna utilizes monopulse technology [1] - [5] which need multiple feeds and large volume. Therefore small aperture antennas always use conical scan tracking technology. Conventional conical scanning and tracking for small aperture phased array radar tracking antennas is achieved by phase shifters [6] - [9] . However, conical scanning and tracking for small aperture parabolic tracking antenna [10] - [12] sometimes adopts the method of antenna surface rotation, which causes the a high moment of inertia and slow scanning speed, while a low cost.
In this paper, a method of conical scanning and angle measurement tracking by means of rotating sub-surface focus excursion is introduced. This method has the advantages of low rotational inertia, low cost and simple structure. Meanwhile, in this paper, the principle of the proposed scheme and its system structure are analyzed in detail. Two key parameters of conical scanning and tracking which are cross level and difference level of conical scanning are analyzed. The tracking performance of the conical beam excursion is also investigated. Simulation results show the influence of the sub-surface focus excursion technique on the pattern. Based on the results, this paper in the end reveals the choice of the conical scanning frequency and demonstrates the concrete realization of the conical scanning and tracking.
II. ANALYSIS ON FOCUS EXCURSION OF FEED SOURCE
There are multiple ways to analyze the far-field patterns of ideal reflector antennas [13] , [14] . The aperture field method is the most convenient way. Therefore, the aperture field method will be used to analyze the pattern of the antenna of focus excursion as below.
Assuming that the diameter of the parabolic antenna D is 1 m, the focal length f is 0.42 m, and the wavelength of antenna λ is 0.024 m. The radial coordinate of the normalized aperture surface antenna is denoted by r, the azimuth angle is denoted by χ, and the wave number is denoted as k = 2π λ . The directivity function of the feed source is given as
When the incident wave is uniform,
Assuming the phase error caused by focus excursion of the feed source to be φ(r, χ) [14] ,
Assuming that the focus excursion of feed source, which includes the axial focus excursion φ a (r, χ) and the lateral focus excursion φ l (r, χ) , where the axial and lateral excursion of focus are δ a and δ l respectively, is due to the vibration of the conical scanning motor respectively. It is obtained from [14] that, 
When φ l (r, χ) = 0 and A(r, χ)=1, the pattern is rotationally symmetric. So Eq. (3) can be simplified to
When δ a is 5 mm, f 1 (θ, φ) is simulated, and the pattern of axial focus excursion is shown in Fig. 1 . Asshown Fig. 1 and Eq. (6), the pattern of axial focus excursion is rotationally symmetrical.
To facilitate comparative analysis, when φ=0 and δ a is 0 mm, 2 mm, 4 mm, 6 mm, and 8 mm relatively, f 1 (θ, φ) is simulated to obtain profiles of axial focus excursion, as shown in Fig. 2 . When φ=0 , optical axis of antenna superposes with that of beam, and P l , the peak in different axial focus excursion, is the receiving gain. As shown in Fig. 2 , when axial focus excursion is bigger, the receiving gain P l will be lower, and the sidelobe level will be higher. When the axial focus excursion is 2 mm, P l is decreased by 0.1 dB; when the axial focus excursion is 4 mm, P l is decreased by 0.25 dB; when the axial focus excursion is 6 mm, P l is decreased by 0.6 dB; and when the axial focus excursion is 8 mm, P l is decreased by 1 dB.
When φ a (r, χ)=0, A(r, χ)=1, Eq. (3) can be simplified to
Therefore, f 2 (θ, φ) is simulated when δ l is 20 mm, and the pattern of lateral focus excursion is obtained as shown in Fig. 3 . It can be seen in Fig. 3 that the lateral focus excursion causes the excursion of pattern whose two sidelobes are not symmetric.
When φ=0 and δ l is set to 0 mm, 2 mm, 4 mm, 6 mm, and 8 mm, f 2 (θ, φ) is simulated to obtain the pattern of lateral profile as shown in Fig. 4 . It can be seen from Fig. 4 that when the lateral focus excursion is bigger, then the excursion of pattern is larger. When the lateral focus excursion is 2 mm, the excursion between antenna optical axis and the peak direction of pattern is approximately 0.2 • . When the lateral focus excursion is 4 mm, the excursion between antenna optical axis and the peak direction of pattern is approximately 0.4 • . When lateral focus excursion is 6 mm, the excursion between antenna optical axis and the peak direction of pattern is approximately 0.65 • . When the lateral focus excursion is 8 mm, the excursion between antenna optical axis and the peak direction of pattern is approximately 0.9 • .
When φ=0, P a is the receiving gain. As is shown in Fig. 4 , when the lateral focus excursion is 2 mm, P a is 9958 VOLUME 5, 2017 FIGURE 4. Cross-sectional profile of sub-surface defocusing decreased by 0.14dB. When the lateral focus excursion is 4 mm, P a is decreased by 0.58dB. When the lateral focus excursion is 6 mm, P a is decreased by 1.35dB. When the lateral focus excursion is 8 mm, P a is decreased by 2.54dB.
III. ANALYSIS ON FOCUS EXCURSION SCANNING
Focus Excursion Scanning is a common tracking method in satellite antenna systems. The principle of angle measurement is to deviate the beam axis from the reflector axis and rotate around the reflector axis to finally obtain the current angle error.
It can be seen from the analysis of the previous section that the axial peak position of the antenna lobe remains unchanged in axial focus excursion pattern. This makes it difficult to realize the function of analyzing the deviation angle through tracking receiver. Meanwhile, when the sidelobe level increases, and the performance of the antenna is deteriorated.
Lateral focus excursion can be utilized to divert the antenna sub-reflector beam axis from the reflector axis slightly and rotate around the axis in a bid to achieve focus excursion scanning and tracking. The spatial relationship of the antenna beam focus excursion scanning can be shown in Fig. 5 . Assuming the angle between the beam axis and the reflector axis (beam deflection angle) is ε, the tracking error is µ, the angle between the maximum beam direction and the satellite direction is ξ , the conical scanning angular frequency of the antenna sub-surface is f S , and the initial phase of the modulated wave is ϕ 0 .
When the target is towards the antenna axis, the amplitude of the receiving signal remains unchanged when the beam rotates one circle, in that the antenna rotation axis direction is in alignment with the signal axis direction. When the target deviates from the axis, the satellite is sometimes close to or away from the maximum radiation direction when the beam rotates in a circle, which causes the amplitude of receiving signal changes periodically. The amplitude of the output signal is modulated by the approximate sine wave. Analyzing geometric relationship we can get that:
A. SELECTION OF CROSS LEVEL
The crossover level is due to the artificial excursion of the conical scanning antenna from the reflector axis by distance δ l . According to the geometric relationship, there should be a relationship as
In this case, compared to the antennas without the tracking of focus excursion scanning mode, when both antennas are tracked to the maximum point, the gain of the focus excursion scanning antenna has a slightly lost. The lost level is named as cross level. By definition, the expression of the cross level can be listed as
The curve of P δ is shown in Fig. 6 . According to Fig. 6 , when δ l > 14mm, antenna is beyond the range of main beam, while when δ l ≤ 14mm (ε ≤ 1.909), when δ l is larger, and the cross-level is also larger and thenthe gain loss is greater. Considering both the gain loss and satellite tracking receiver resolution requirements, generally, 5.2mm ≤ δ l ≤ 7.2mm when 1dB ≤ P δ ≤ 2dB.
B. ANALYSIS ON DIFFERENCE LEVEL
To simplify the analysis, tracking error is only considered in the direction of antenna beam axis, while the pitch deviation is zero. The maximum resolution direction of focus excursion scanning can be written as Therefore, the difference level of the satellite beacon receiver has in the azimuth angle can be given as
When the beam deflection angle ε is 5.2 mm, 6.2 mm and 7.2 mm, the relationship between υ and µ is shown in Fig. 7 . From Fig. 7 , when the antenna tracking error µ is unchanged, greater antenna tracking error will result in greater difference level, which will have the benefit of increasing the tracking resolution.
When ε is 6.2mm and µ > 1.75 • , when theantenna tracking error µ is larger, and then difference level υ is smaller. Hence, the function of focus excursion scanning and angle measurement tracking can be started after the target is within the main beam range.
IV. IMPLEMENTATION OF FOCUS EXCURSION SCANNING
Focus excursion scanning can generally be accomplished by rotating deflected horn, main reflector, sub-surface, Cassegrain sub-reflector, dipole feed source, etc. When rotating the main reflector and feed, due to the mass quality of main reflector and feed source, a larger motor drive torque is needed. Rapid rotation requires dynamic balance structural rigidity. Generally, a rotating sub-surface should be adopted. Fig. 8 demonstrates a structure of rotating sub-surface focus excursion scanning. In this figure, the motor, substrate, proximity switch, and sub-surface are assembled together, and encapsulated into a cylindrical integrated structure with wave-transmitting material. Due to the light weight of the sub-surface, the torque of the motor that drives the subsurface rotation decreases. Therefore, the motor is small and can be placed in the front of the sub-surface and the hollow motor required for conventional rotating sub-surface is avoided. The brushless DC motor is used as the conical scanning motor. The signal generator for reference position includes the substrate and the proximity switch. The substrate consisting of half the copper film and half the media is a circle. When the copper film turns over the proximity switch, the proximity switch outputs a high level. The proximity switch outputs a low level when the media is above the proximity switch.
Because the space is small, the system uses only a proximity switch. The substrate and the proximity switch are also placed in front of the sub-surface without affecting the reception of electromagnetic waves for antenna. During the experiment, the sub-surface is made of aluminum with the weight of approximately 67 g. In this case, carbon fiber material will be much better in future investigations.
During the experiment, it is found that the radial and axial jitter of the sub-surface is noticeable. Motor industry standard GB 10068−2000 states that the motor axial jitter should be less than 2 mm, and the radial jitter should be less than 2 mm. It reveals that these jitters probably results from the eccentric load imbalance, which can be solved by adjusting the dynamic balance.
After adjusting the dynamic balance, the axial and lateral focus excursion are 1.2 mm and 0.8 mm respectively. According to the theoretical analysis in Section 2, it can be seen that the jitters of focus excursion have negligible influence on the angle measurement of the conical scanning.
After the test antenna is placed on the three-axis swing table and dynamic testing is performed, the result is illustrated in Fig. 9 .
The test was performed at the azimuth amplitude of 90 • , with the period of 12 s, the pitch amplitude of 20 • , the period of 5 s, the roll amplitude of 20 • , and the period of 5 s. The receiving signal is sampled and demonstrated with a spectrum analyzer. As seen in Fig. 10 , the signal mean is still approximately −73.0 dBm, with the peak-to-peak value of −0.38 dBm. It is shown that the proposed focus excursion tracking and scanning technology is feasible.
V. CONCLUSIONS
In this paper, the influence of the focus excursion technique on antenna pattern is analyzed and simulated. Based on these results, a focus excursion scanning and angle measurement tracking technique is proposed. The technology can reduce the size and costs by adopting an ingenious structural design. The practical application of this system shows that the algorithm is effective and meanwhile, it has value for widespread use. 
